The distribution of the nonstructural protein 1 (NSP1) alleles from human strain AU-1 and canine strain K9 among rotaviruses of human, feline, canine, bovine, and simian origin was studied by a dot blot hybridization assay. Human and feline strains belonging to the AU-1 genogroup had the same NSP1 allele, while canine and feline strains belonging to the canine-feline genogroup shared another NSP1 allele. This caninefeline NSP1 allele had a significant level of homology with the NSP1 of rhesus rotavirus strain MMU18006.
Group A rotaviruses, taxonomically belonging to the genus Rotavirus within the family Reoviridae, are the major etiological agents of acute gastroenteritis in the young of many animal species including humans (4) . The rotavirus genome consists of 11 segments of double-stranded RNA which encode six structural and five nonstructural proteins (2) . RNA-RNA hybridization has been used to examine the similarity of the rotavirus genome (11) , and rotavirus strains are classified into genogroups based on the similarity of overall genomic RNA constellation (8) . Among human strains, there are three genogroups, of which Wa, DS-1, and AU-1 are representative strains (12) .
Of 11 genome segments, gene 5, which encodes nonstructural protein 1 (NSP1), shows a high degree of sequence variation among strains from different animal species (15) , and phylogenetic trees exhibit a clustering topology more or less consistent with overall genomic RNA constellation, i.e., genogroup (1, 5, 9, 14) . As has been found for genogroup (10) , species-specific and interspecies relatedness has been observed for NSP1 alleles of rotavirus strains of various host species origin (5, 9) . The recent availability of the NSP1 sequence in the databases allowed us to find that human AU-1 and feline Cat2 strains have NSP1 proteins that are 93% identical at the amino acid sequence level. This observation aroused our interest in the sharing of the NSP1 allele among human and animal rotavirus strains. Because Cat2 was previously shown to be a natural reassortant between a strain of the human-feline (AU-1-FRV-1) genogroup and another strain of the caninefeline (K9-FRV64) genogroup (7), an emphasis was placed on the distribution of the AU-1-FRV-1 NSP1 and K9-FRV64 NSP1 alleles among human, canine, and feline rotavirus strains. To facilitate the identification of these NSP1 alleles, we have developed a dot blot hybridization assay using 32 P-labeled transcription probes and gene 5-specific cDNAs amplified by PCR.
The cell-culture-adapted rotavirus strains used in this study are summarized in Table 1 . These viruses were propagated in MA104 cells and purified as previously described (10) . Genomic RNAs were extracted from purified virions with phenol chloroform as previously described (10) .
In order to make cDNA molecules of gene segment 5, genomic RNA was heat denatured; reverse transcribed with a pair of synthetic primers, BegG5 (5Ј-AGCCATGGCGACTT TTAAAGA-3Ј) and EndG5 (5Ј-CCTAGGCGCTACTCTAG T-3Ј); and then amplified by PCR with the same primer pair, as described previously (9) . The resulting PCR product, approximately 1,500 bp in length, was identified by electrophoresis on a 1.5% agarose gel.
Dot blot hybridization was performed as follows ( Fig. 1 ). Gene 5-specific PCR products (gene 5 cDNAs) were heated at 95°C for 5 min, quenched on ice for 2 min, and blotted under vacuum onto GeneScreen Plus nylon membranes (New England Nuclear Research Products, Boston, Mass.) which had been soaked in distilled water for 20 min and in 10ϫ SSC (1ϫ SSC is 150 mM sodium chloride and 15 mM sodium citrate) for an additional 10 min. The cDNAs dotted on the membranes were cross-linked under UV light illumination and dried until use. Prehybridization was carried out at 52°C for 1 h in a hybridization buffer containing 2.5ϫ SSC, 50% formamide, 1% sodium dodecyl sulfate (SDS), and 1% dextran sulfate. Hybridization probes were prepared by in vitro transcription in the presence of [ 32 P]GTP as previously described (13) . These fulllength RNA transcription probes were added at a concentration of 2 ϫ 10 5 cpm/ml and allowed to hybridize at 52°C for 5 h with cDNAs on the membrane in the prehybridization buffer. Under these hybridization conditions, it was calculated that up to 22% sequence mismatches were allowed for hybrid formation. After hybridization, the membranes were washed twice (each for 10 min) at room temperature with 1ϫ SSC containing 0.1% SDS, then once at 52°C for 10 min with 2ϫ SSC containing 0.1% SDS, and finally twice at 52°C (each for 5 min) with 1ϫ SSC. The membranes were then air dried and exposed to X-ray films (Kodak X-Omat AR; Eastman Kodak Co., Rochester, N.Y.) to make autoradiographs.
For sequencing FRV64 gene 5, the PCR product was cloned into pCR II vector (Invitrogen Corporation, San Diego, Calif.) and sequenced on an Applied Biosystems 373A automated DNA sequencer by the DyeDeoxy terminator method (PerkinElmer Corporation, Norwalk, Conn.).
Reverse transcription and PCR in conjunction with primer pair BegG5 and EndG5 resulted in the amplification of gene 5-specific cDNAs from the 19 rotavirus strains tested (Fig. 2) .
These cDNAs were then allowed to hybridize with 32 P-labeled transcription probes prepared from strains representing four NSP1 alleles as schematically illustrated in Fig. 1 . Thus, in this dot blot hybridization assay, the target cDNAs immobilized on the nylon membrane were specific for gene 5, whereas the probes were not. Figure 3 shows that this dot blot hybridization assay distinguished three distinct human rotavirus NSP1 alleles, i.e., the Wa, DS-1, and AU-1 alleles previously identified by sequence analysis (9) . Under these hybridization conditions, the AU-1 probe hybridized with the gene 5 cDNAs from AU-1 genogroup strains including four human (AU228, AU125, AU379, and AU785) and two feline (FRV-1 and Cat2) rotavirus strains (Fig. 3) . Consistent with the genogroup classification (7), the AU-1 probe did not hybridize with the gene 5 cDNAs from feline rotavirus strains (FRV64 and Cat97) belonging to the other genogroup that were previously shown to be closely related to canine rotaviruses. Interestingly, however, the AU-1 probe also hybridized with the gene 5 cDNAs from bovine strain 0510 and from a single VP7 substitution reassortant, AU-1ϫUK, in which gene 5 was derived from bovine strain UK (Fig. 3) . This finding was consistent with the relatively close genetic relatedness of AU-1 NSP1 with bovine rotavirus NSP1s recently revealed by Nakagomi and Kaga (9) .
On the other hand, the K9 (dog) probe hybridized with the gene 5 cDNAs from three canine (RS15, CU-1, and K9) and two feline (FRV64 and Cat97) strains that belong to the canine-feline genogroup but did not hybridize with those cDNAs that were derived from the AU-1 genogroup strains (Fig. 3) . Unexpected in this last panel of hybridization was the finding that the gene 5 cDNA from rhesus rotavirus strain MMU18006 (RRV) hybridized with the K9 probe.
To determine to what extent FRV64 (cat) was similar to RRV (monkey) in its NSP1 sequence, we have sequenced gene segment 5 of FRV64 and found that its NSP1 contained 493 amino acids. Compared with other NSP1s, FRV64 NSP1 is clearly distinct (35% amino acid homology) from Cat2 NSP1 (AU-1-like NSP1) but most similar (85% amino acid homology) to RRV NSP1 among NSP1s sequenced to date (Table 2) . RRV NSP1 is much less closely related (55% amino acid homology) to the NSP1 of SA11, another simian rotavirus strain. Conversely, SA11 NSP1 is only 55% homologous with FRV64 NSP1. Thus, in terms of NSP1, RRV (monkey) was shown to have the NSP1 allele that was significantly similar to the NSP1 allele shared by strains of the canine-feline genogroup. It may deserve mention why previous RNA-RNA hybridization studies did not reveal such close genetic relatedness between RRV and strains of the canine-feline genogroup (10) . By RNA-RNA hybridization in solution under high-stringency AU-1ϫUK Reassortant
a VP4 genotype is indicated by the number in a square bracket after P, according to the new nomenclature system proposed by I. H. Holmes (2a) .
b AU-1ϫUK was a reassortant in which the VP7 gene was derived from AU-1 and the other 10 gene segments were from UK.
FIG. 1. Schematic illustration of the dot blot hybridization assay used in this study. Note that, in this assay, the target cDNAs immobilized on the nylon membrane were specific for gene 5, whereas the probes were not. RT, reverse transcription; ds, double stranded. conditions, which is estimated to allow only up to 8% sequence mismatches (3), RRV (monkey), SA11 (monkey), and FRV64 (cat) were shown to belong to different genogroups (10) . By contrast, the dot blot hybridization assay described in this study was calculated to allow up to 22% sequence mismatches for the probe to hybridize with the target molecules. Such theoretical differences in stringency for two different hybridization formats may provide a plausible explanation for the apparent discrepancy, although the stringency estimate does not necessarily reflect the actual sequence difference. With regard to other viral proteins, RRV (monkey) and FRV64 (cat) have the same subtype B of serotype G3 (6), and RRV and FRV64, together with canine strain K9, have the same VP4 genotype P [3] , distinct from the VP4 genotype of SA11 (2) . Taken together, these observations imply that RRV and FRV64 have arisen from the same ancestor or exchanged gene segments during the course of evolution.
Kojima et al. (5) compared 22 NSP1 sequences from rotaviruses of diverse host species origin and concluded that, with only a few exceptions, NSP1 sequences show a higher host species specificity than VP7 and VP4 genes. As to the interspecies relatedness of the NSP1s between human and animal rotavirus strains, high degrees of amino acid identity between human Wa and porcine OSU strains (86%) and between human AU-1 and bovine UK (87%) strains were reported previously (1, 5, 9) . Although we focused the present study almost exclusively on the distribution of the AU-1-FRV-1 NSP1 and K9-FRV64 NSP1 alleles among human, canine, and feline rotavirus strains, the sharing of the NSP1 alleles among rotaviruses of different host species origin deserves further investigation. The dot blot hybridization assay described in this study will facilitate such studies, but confirmation by sequencing is preferred, as we did in this study.
Nucleotide sequence accession number. The nucleotide sequence determined in this study has been deposited in the GenBank, EMBL, and DDBJ nucleotide sequence databases under accession no. D78362.
